Current-induced torques in ultrathin Co/Pt bilayers were investigated using an electrically driven FMR technique. The angle dependence of the resonances, detected by a rectification effect as a voltage, were analysed to determine the symmetries and relative magnitudes of the spin-orbit torques. Both anti-damping (Slonczewski) and field-like torques were observed. As the ferromagnet thickness was reduced from 3 to 1 nm, the sign of the field-like torque reversed. This observation is consistent with the emergence of a Rashba spin orbit torque in ultra-thin bilayers.
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but it is known that a field-like non-adiabatic spin transfer torque can also exist.
10-12
The second mechanism is a 'Rashba' spin-orbit torque. Due to the structural inversion asymmetry of the two dissimilar materials at the interface, when a current is applied, the spin-orbit Hamiltonian breaks the degeneracy of the electron spin states near the interface, creating a non-equilibrium spin-accumulation. The electron spins in the ferromagnet, through exchange coupling, can then exert a torque on the magnetic moments. This was initially predicted to give a field-like torque, acting perpendicularly to the interface normal and injected current, [13] [14] [15] which was later confirmed by experiments in ultrathin Pt/Co/AlO x 16-18 and Ta/CoFeB/MgO 19 trilayers. However, further measurements in these layers have confirmed the presence of an additional antidamping torque. 20, 21 A recent experiment, in a singlelayer ferromagnet with broken symmetry, has shown that this anti-damping torque can be explained by the precession of the spins, initially polarised along the magneti- 
FIG. 1. (a)
A charge current density, JC passing through the bilayer induces a transverse spin-current in the platinum due to the spin-Hall effect which flows into the cobalt layer. At the interface, due to the structural inversion asymmetry, the conduction electrons experience an effective magnetic field, hR. The cobalt has an additional oxidised silicon interface which could also similarly produce an effective magnetic field. The current passing through the platinum also induces an Oersted field in the cobalt, due to Ampère's law. For clarity, the bilayers drawn here are inverted from our actual structure. (b) The Oersted field induces an out of plane torque on the cobalt magnetisation, τOe. Additional anti-damping and fieldlike torques, τAD and τF respectively, are induced due to the exchange interaction of the non-equilibrium spin-density in the ferromagnet with the magnetisation. A field-like torque with negative coefficient is shown here opposing a positive Oersted torque.
sation, around the additional current-induced spin-orbit fields. 22 These additional torques have also been modelled theoretically in metal bilayer systems.
23,24
The torques are further complicated by the additional Oersted torque in the ferromagnetic layer, due to the total current in the heavy metal, which has the same symmetry as the field-like torque. The total torques can be formulated as
where the anti-damping (τ AD ) and field-like (τ F ) torques can have contributions from both the spin-Hall and Rashba effects. Previous studies have tried to disentangle these two effects by studying the dependence of the torques on the thickness of the two layers. 25, 26 In particular, Fan et al. observed an additional field-like torque in Py/Pt layers with the same direction as the Oersted field. 26 In this paper, we report a similar field-like torque, emerging only in the ultra-thin Co layer regime, opposing the Oersted field. This suggests that the field-like torque is sensitive to details of the sample composition and growth and can vary significantly, possibly due to competing mechanisms.
Using electrically driven FMR, 5, 27 we have studied sputtered ultrathin bilayers of Co/Pt which are in-plane magnetised, where the cobalt thickness, d Co , is varied between 1 and 3 nm, whilst the platinum thickness, d Pt = 3 nm, remains constant. A schematic of the magnetisation precession, and the directions of the torques in our measurement is shown in figure 1b. The layers were deposited on a thermally oxidised silicon substrate by dc magnetron sputtering. 1 x 10 µm bars were patterned using electron-beam lithography and Ar ion-milling. Each bar was mounted on a low-loss dielectric circuit board. Microwave power was delivered to the board via a semirigid coaxial cable. This was connected to a microstrip transmission line on the circuit board which was terminated by a wirebond to one end of the sample. The other end of the sample was connected to ground via another wirebond. An on-board bias-tee, 28 comprising of an inline gap capacitor and a wirebond as an inductor, was used to separate the injected microwave power from the measurement of the dc voltage, V dc , across the bar (see figure 2a ).
The microwave current injected into the bar, I 0 e jωt , induces effective magnetic fields, (h x , h y , h z )e jωt , which drive FMR. As the magnetisation precesses, there is an oscillating component of the resistance due to the anisotropic magnetoresistance (AMR) of the sample: R = R 0 + ∆R cos 2 θ, where θ is the angular separation of the current and magnetisation. At resonance, this rectifies with the driving microwave current to give a peak in V dc . This can be fitted by a combination of symmetric and antisymmetric Lorentzians,
where V sym and V asy are given by
and In these expressions, V mix = 1 2 I 0 ∆R, H 0 and ∆H are the resonant field and linewidth and A yz and A yy are related to the scalar amplitudes of the ac magnetic susceptibility by A ij = χ ij /M S . Their values are
and
M eff is the effective magnetisation which contains a uni-axial interface anisotropy term,
which depends on the thickness of the cobalt layer, d Co . We do not find voltages with a symmetry of sin θ, indicating a negligible spin pumping signal. This is because the rectifying microwave current is much larger than the direct current induced via the inverse SHE acting on spin current pumped by the induced precession. Source microwave powers of 20 dBm were typically used to excite FMR. Microwave frequencies of between 16 and 19 GHz were used to ensure that the entire resonance peak was measured in a magnetic field large enough that the magnetisation was saturated. With microwave power applied, the resonances were measured in V dc as the external magnetic field, H, was swept from high to low at an in-plane angle, θ. The resonances were measured for successive values of θ, with the peaks then fitted by equation 2 (figures 2b and c). By measuring FMR out of plane and self-consistently fitting the Kittel and energy equations, values of M eff were determined. 29 The fitted values of µ 0 M eff were similar to those we have previously reported in spin-pumping measurements of the same layers at 250 K, 30 in this case varying from 1.4 to 0.14 T as d Co is reduced, consistent with equation 7. To analyse the data, A yz and A yy are calculated from equations 5 and 6 using the measured values of M eff .
For all the sweeps measured, the symmetric part dominates the antisymmetric part. We now fit the effective fields to V sym /A yz and V asy /A yy (figure 2d). We find empirically that the symmetric angular dependence can be almost entirely fitted by the anti-damping torque (h z ∝ cos θ) and that the antisymmetric angular dependence can be almost entirely fitted by a field-like term (h y independent of angle). Small additional terms which are not consistent in size or sign from device to device are needed for the fitting (h z independent of angle and h y ∝ cos θ). These terms are consistent with additional field-like and anti-damping torques with symmetry τ ∝ẑ ×m and τ ∝m ×ẑ ×m respectively. Most significantly, we see that as the cobalt thickness is reduced from 3 to 1 nm, the sign of the symmetric voltage stays constant, whilst the sign of the antisymmetric voltage flips (see figures 2b and c). This indicates that as the cobalt thickness is reduced the direction of the field-like torque reverses. The voltages measured scale linearly with power (figure 2e), showing the torques are proportional to current density (as V mix is proportional to microwave current).
The microwave currents have previously been directly calibrated in similar measurements using a bolometric technique. 27 In this experiment we cannot use this technique because of the small temperature coefficient of resistance in the samples. Instead, we compare the relative sizes of the fitted torques induced by the same current. Figure 3 shows the ratio of the total field-like to antidamping torques ((τ F + τ Oe )/τ AD ) for the range of cobalt The ratio of the total field-like torque to anti-damping torque is calculated for a series of cobalt thicknesses (dPt = 3 nm). The error bars show the uncertainty due to the fitting of the torque values to the data. Further scatter in the data may be due to variation within each layer studied. Additionally we also show the calculated torque ratio for the model presented by Liu et al. 5 where the field-like torque is purely Oersted and the anti-damping torque is purely due to the spin-transfer torque of the spin-Hall spin current. We plot the theoretical curves for θSH = 0.08 (the same as Liu et al. reported for their self-calibration method), for Pt spin-diffusion lengths of 1,2 and 3 nm. In thicker Co films the torque ratio begins to converge with this model with a spin-diffusion length of 1 nm, but the deviation, including a sign change, in thinner films shows an additional field-like torque becoming increasingly strong.
thicknesses measured. We also show the calculated ratio for the case where the field-like torque is purely Oersted and the anti-damping torque is due to the spin-transfer torque of the spin-Hall spin-current. The calculated ratio depends on the values of θ SH and the spin-diffusion length, λ sf , of platinum. 5 Here we have used θ SH = 0.08 (as reported by Liu et al. 5 ) for λ sf = 1,2 and 3 nm. For this calculation we also use saturation magnetisation values, found from SQUID measurements of these layers, of µ 0 M S = 1.45 T. As the Co layer becomes thicker we find the ratio converges with the theoretical curve for λ sf = 1 nm. However, as d Co reduces below around 2 nm, the ratio become negative and diverges from the theoretical curves, indicating the presence of an additional fieldlike torque, τ F , which increasingly opposes the Oersted torque. We note that if we use more conservative values for our theoretical modelling (larger λ sf , smaller θ SH ), τ F is even larger.
This reversal in sign of the total field-like torque has not been observed before in Co/Pt. We note that the sign of our τ F and τ AD is consistent with the torques observed by Garello et al. at low frequency in an AlOx/Co(0.6 nm)/Pt(3nm) device. 21 Equally, in the d Co = 3 nm layer, where τ F is weakest, the torques resemble those measured by Liu et al. at microwave frequencies in Py(4 nm)/Pt(6 nm) 5 and CoFeB(3 nm)/Pt(6 nm). 6 Kim et al. have studied the torques at low frequency as a function of ferromagnet thickness (0.9 to 1.3 nm) in CoFeB/Ta(1 nm). 25 They observed a constant τ AD with opposite sign, because the spin-Hall angle is negative in Ta. τ F increased in the thinner ferromagnet layers, but in contrast to our observation, added to the Oersted torque.
Fan et al. have measured the torques at low frequency, with a Cu spacer layer inserted between a Py and Pt layer.
26 A field-like torque was observed even with the spacer layer, and reduced with increasing spacer thickness, indicating that the torque was likely to be a nonadiabatic STT. As the ferromagnet thickness was reduced, the torque increased and added to the Oersted torque. This is the opposite sign to the τ F we have observed in Co/Pt. Fan et al. also studied CoFeB/Ta layers using electrically driven FMR. It could be seen that as the ferromagnet layer is reduced, the field-like torque increases, and opposes the Oersted field. This is the opposite sign to the observation of Kim et al.
When trying to reconcile these previous measurements with our own, we consider it likely that differing material parameters in each experiment, the quality of the interfaces and the degree of oxidation of the additional ferromagnet interface could give quite different results. Nonetheless, the trend and sign of the field-like torque we observe is consistent with the studies by Liu et al. and Garello et al. Furthermore, if the direction of the Rashba field is inverted in CoFeB/Ta compared to Co/Pt, 19 or if the non-adiabatic STT depends on the negative sign of the SHE in Ta, our results can also be consistent with Kim et al. and an earlier measurement by Suzuki et al.
19
That the sign of τ F we measure opposes the Oersted field and is the opposite of the one measured by Fan et al. in Py/Pt can be explained by the torques having different origins. The measurements by Fan et al. with Cu spacers strongly indicate a non-adiabatic STT origin in their case. In contrast, our τ F opposing the Oersted field is consistent with a Rashba field, with opposite sign to the non-adiabatic STT, dominating in our material.
In conclusion, using an electrically driven FMR technique, we have observed an increase in the field-like torque, as a proportion of the total spin-orbit torques, as the cobalt layer is reduced from 3 to 1 nm. This field-like torque opposes the Oersted torque. The enhancement in the torque is consistent with a Rashba field, and takes the opposite sign to previous measurements in Py/Pt where the torque was shown to mostly originate nonlocally from the interface, in the platinum layer. Whilst this is consistent with a Rashba origin of the field-like torque, we cannot rule out a contribution from a nonadiabatic STT.
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